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G rasses are grown on nearly 80% of the 3.6 million hectares of land used for forage and pasture production in eastern Canada. By far, the main grass species is timothy. Balanced applications of N, P, and K are required to achieve long-term productivity of timothy (Bélanger et al., 1989) . Th is implies that imbalances in plant P and N concentrations negatively aff ect timothy productivity. Tools are required to detect P and N imbalances in timothy and to diagnose P and N deficiencies simultaneously.
Plant-based methods of identifying P and N defi ciencies depend on the defi nition of optimal or critical concentrations, that is, concentrations required to achieve maximum shoot growth and yield. Both P and N concentrations in grasses decrease with increasing shoot biomass and advancing maturity Richards, 1997, 1999) . Hence, the defi nition of critical P and N concentrations should take this decrease into account. Lemaire and Salette (1984) used the relationship between plant N concentration and shoot biomass (SB; Mg DM ha -1 ) to defi ne critical N concentration (N c ; g kg -1 DM) in tall fescue (Festuca arundinacea Schreb.) as follows: N c = 48.0 × SB -0.32 [ 1 ] Th is relationship was later validated for timothy by Bélanger and Richards (1997) . Salette and Huché (1991) extended this approach to other nutrients, including P. Because of similar decreases in N and P concentration with increasing shoot biomass, the relationship between P and N concentrations has been used to determine P defi ciencies. Duru and Ducrocq (1997) in France proposed the following relationship between P and N concentrations on permanent grasslands to defi ne critical P concentration (P c ; g kg -1 DM): P c = 1. 5 + 0.065 N [2] In eastern Canada, Bélanger and Richards (1999) proposed the following relationship:
P c = 1. 46 + 0.069 N [3] In the study of Bélanger and Richards (1999) , however, P fertilization was not a factor and soil P availability was considered high and not limiting shoot growth. In a previous paper, we characterized DM yield and nutritive value during spring growth of an aging timothy sward grown under nonlimiting N conditions. We concluded that the yield potential of timothy decreased with age, which aff ected the nutritive value of timothy. To our knowledge, there are no reports on how aging aff ects the P and N requirements of timothy swards nor on the relationships between P and N concentrations and DM yield.
We studied the response of timothy to P and N fertilization over 7 yr with the objective of using relationships between P and N concentrations and DM yield to determine critical P and N concentrations. We focused on spring growth as it represents more than 70% of the seasonal DM yield of timothy grown in eastern Canada.
MATERIALS AND METHODS
Timothy (cultivar Champ) was sown alone on a gravely loam soil in May of 1998 at Lévis, QC, Canada (46°47′ N, 71°07′ W, elevation 65 m) and was harvested once in the sowing year. A split-split-plot experimental design, with four replicates, was used with four sampling dates as main plots, four P applications (0, 15, 30, and 45 kg P ha -1 ) as subplots, and four N applications (0, 60, 120, and 180 kg N ha -1 ) as sub-subplots. Nitrogen (calcic ammonium nitrate) and P (triple superphosphate) were applied each year before the start of growth in the fi rst week of May from 1999 to 2005. Soil P (Mehlich-3 extraction; Tran and Simard, 1993) content at the start of the experiment in 1998 was 54 kg ha -1 , which is considered poor according to local recommendations (Conseil des Productions Végétales du Québec, 1996) . To ensure that K did not limit plant growth, K (KCl; 67 kg K ha -1 ) was applied at the time of N and P application in each year.
Sampling dates were approximately 1 wk apart during spring growth at the following developmental stages: stem elongation, early heading, late heading, and early fl owering. Exact sampling dates are reported in Table 1 . Cumulative growing degree-days above 0°C between 1 May and each harvest date, and rainfall between 1 May and the fi nal harvest date for each year, are presented in Bélanger et al. (2008) . All plots were harvested a second time during summer regrowth (early August) but no measurements were taken. Individual plots were 1.5 by 2.1 m.
Dry matter yield was measured in each plot by harvesting at a 5-cm height a 0.91 by 2.1 m strip with a self-propelled fl ail forage harvester (Carter MGF Co., Brookston, IN). A fresh sample of approximately 500 g was taken from each plot, weighed, and then dried at 55°C in a forced-draft oven for 3 d to determine percentage DM. Samples were then ground using a Wiley mill (Standard model 3, Arthur H. Th omas Co., Philadelphia, PA) to pass through a 1-mm screen.
Dried and ground forage samples of 100 mg were mineralized using a mixture of sulfuric and selenious acids, as described by Isaac and Johnson (1976) . Th e N and P concentrations in plant tissue were measured on a QuikChem 8000 Lachat autoanalyzer (Lachat Instruments) using the Lachat methods 13-107-06-2-D and 13-115-01-2-A, respectively (Lachat Instruments, 2005) .
Data Analyses
Th e analysis of variance focused on the eff ect of P fertilization. We analyzed the eff ect of P fertilization on forage DM yield and P concentration under nonlimiting N conditions (120 kg N ha -1 ) with the objective of determining the P fertilizer application that would result in nonlimiting P conditions. In a previous paper, we describe the DM yield response of timothy to N fertilization and conclude that nonlimiting N conditions of growth were reached when 120 kg N ha -1 was applied. Data at each developmental stage and each year were analyzed by analysis of variance (Genstat 5 Committee, 1993 ; not shown). Standard errors of the mean were calculated.
Linear regressions were used to establish relationships among variables with the FIT directive of GENSTAT 5 (Genstat 5 Committee, 1993). For the relationship between N concentration and DM yield, and between P concentration and DM yield, the fi tted parameters were estimated aft er a logarithmic transformation of the data. A linear parallel curve analysis with grouped data was performed to determine if the response curves of the variables to DM yield or N concentration diff ered among production years. Using the FIT directive of Genstat (Genstat 5 Committee, 1993) , the response curves were described by the following model:
where Y is the response variable, X is the explanatory variable, and l and k are estimated parameters. Th e procedure initially calculated one equation for the seven production years, which described the average response to the explanatory variable. On the next step, separate k parameters were estimated for each year to determine the vertical distance between parallel lines (i.e., response curves). Th e next step estimated separate linear parameters (l) for the slope (i.e., the linear portion of the years by the explanatory variable interaction). At each step, statistical signifi cance was calculated for the change in the mean square explained by the addition of another parameter (year and years by the explanatory variable interaction) to the model. A similar analysis with grouped data was performed to determine if the response curve of P concentration to N concentration diff ered among N rates. Th is type of analysis has previously been used with timothy (Bélanger and McQueen, 1998; Bélanger and Richards, 1999) .
RESULTS AND DISCUSSION Dry Matter Yield
Response to Phosphorus Fertilization Increasing P fertilization had no signifi cant (P > 0.05) eff ect on DM yield in any of the 7 yr of the study, except in 2003 at the late heading stage of development (Table 2 ). We therefore considered that nonlimiting P conditions were obtained when no P was applied. No DM yield response of timothy to P fertilization in eastern Canada, particularly in the fi rst few years aft er establishment, has been reported (Grant and MacLean, 1966; Ziadi, 1999) . Grant and MacLean (1966) , however, found that timothy responded to P fertilization aft er the third production year.
Th e lack of a DM yield response to P fertilization over the 7 yr of this study is surprising. Th e site was chosen because of its expected positive response to P fertilization. Before seeding in the spring of 1998, soil analysis indicated that the soil (Mehlich-3 extraction; 0-15 cm) contained 54 kg available P ha -1 and was considered poor in P according to local recommendations (Conseil des Productions Végétales du Québec, 1996) . Th e lack of a DM yield response puts into question the validity of the soil P test and its interpretation, and confi rms the need for improved methods for predicting P requirements of forage grasses in eastern Canada.
Phosphorus and Nitrogen Concentrations
Phosphorus concentration was signifi cantly (P < 0.05) increased by P fertilization in several years, particularly in the fi nal 5 yr of the study (Table 3) . Phosphorus concentration decreased from stem elongation to early fl owering. Th is decrease in P concentration with advancing maturity or time is well documented for timothy (Bélanger and Richards, 1999) , for other forage grasses (Salette and Huché, 1991; Duru and Ducrocq, 1997) , and for annual crop species (Ziadi et al., 2007 (Ziadi et al., , 2008 .
We were particularly interested in studying the relationship between P and N concentrations and DM yield over the 7 yr of the study. A decrease in N concentration with increasing DM yield during the growth cycle is clearly defi ned (Eq. [1]). As expected, N concentration decreased with increasing DM yield during the spring growth cycle of every year (Fig. 1a) . Th e relationship between N concentration and DM yield, however, changed over production years. Th e linear parallel curve analysis indicates that the relationship between N concentration and DM yield was statistically diff erent from year to year (Year signifi cant at P = 0.004; Table 4 ). For a given DM yield, N concentration in the fi nal 3 yr was less than in the initial 4 yr (Fig. 1a) . Similarly, under nonlimiting P conditions, P concentration decreased with increasing DM yield during the spring growth cycle of every year (Fig.  1b) . Th e linear parallel curve analysis also indicates that the relationship between P concentration and DM yield was statistically diff erent from year to year (Year signifi cant at P = 0.061; Table 4 ). Th e P concentration was less in the fi nal 3 yr than in the initial 4 yr for a given DM yield.
Th e decrease in N and P concentrations with increasing DM yield is well documented for timothy Richards, 1997, 1999) and grass species (Lemaire and Salette, 1984; Salette and Huché, 1991; Duru and Ducrocq, 1997) . Th e change of this relationship with increasing sward age, however, has never been reported. Th is implies that critical N and P concentrations of older swards might be less than that of younger swards.
Critical Nitrogen Concentration
Th e critical plant N concentration of a tall fescue sward was fi rst defi ned as a function of shoot biomass by Lemaire and Salette (Eq. [1]; 1984) ; this was later validated for timothy by Bélanger and Richards (1997) . Th is relationship for tall fescue and timothy was obtained on young (<2 yr) swards. Previously, we established that N was not limiting growth at 120 kg N ha -1 ; in the current study, we showed that P fertilization did not aff ect DM yield. We therefore used data of DM yield and N concentration obtained with 120 kg N ha -1 without applied P to establish the critical N concentration of older swards by using data from the fi nal three production years. Th e critical N concentration for older swards (Fig. 1a) is defi ned as:
Th is critical N concentration for older swards is less than that of younger swards as predicted by the model of Lemaire and Salette (Eq. [1]; 1984) . Even N concentrations in the second, third, and fourth production years seemed to be slightly less than those predicted by the model of Lemaire and Salette (Eq.
[1]; 1984) for nonlimiting N conditions. For alfalfa (Medicago sativa L.), Bélanger and Richards (2000) concluded that the model parameters of critical N concentration developed by Lemaire et al. (1985) for established stands of alfalfa were not adequate in the seeding year; N concentrations in the seeding year were greater than those predicted by the model of Lemaire et al. (1985) . Our results and those of Bélanger and Richards (2000) confi rm that critical N concentrations of forage crops steadily decline as the sward ages.
Critical Phosphorus Concentration Similarly, critical P concentration can be defi ned as a function of shoot biomass for situations where P and N are not limiting shoot growth. As discussed previously, however, the relationship between P concentration and DM yield changes with sward age. For younger swards (initial four production years), the relationship to describe the critical P concentration (P c ) is as follows: P c = 5.23 × SB -0.40 (R 2 = 0.63, P < 0.001, n = 16) [6] whereas for older swards (>4 yr), the relationship is: P c = 3.27 × SB -0.20 (R 2 = 0.68, P < 0.001, n = 12) [7] Contrary to critical N concentration, the defi nition of critical P concentration as a function of shoot biomass has never been reported. Th is relationship, however, applies only for situations where N is not limiting growth. When N is limiting growth (e.g., with no N applied), the P concentration for a given DM yield is reduced (Fig. 2) . Th is limits the usefulness of this relationship for predicting P c , along with the fact that this relationship changes with the age of the sward.
In previous studies with forage grasses in France and Canada, P concentration was related to N concentration (Duru and Ducrocq, 1997; Bélanger and Richards, 1999) . It was then concluded that the critical P concentration could be determined as a function of N concentration using either Eq.
[2] (Duru and Ducrocq, 1997) or Eq. [3] (Bélanger and Richards, 1999) . In the study of Bélanger and Richards (1999) , P was assumed to be not limiting shoot growth because of a relatively high soil P test and the application of P fertilizer. In the current study, there was no DM yield response to increasing P application. We assumed that maximum DM yield was achieved without applied P, and therefore that the data of P and N concentrations without applied P could be used to establish the critical P concentration.
Relationships reported by Bélanger and Richards (1999) and Duru and Ducrocq (1997) were established on relatively young swards. In our study, the relationship between P and N concentrations was aff ected by production years (Year signifi cant at P = 0.015; Table 4) but could not be directly related to the age of the sward (Fig. 3) . We therefore established a relationship including all production years. Th is relationship, based on the data from the 7 yr of the study with nonlimiting N and P conditions, is as follows: P c = 1.07 + 0.063 N (R 2 = 0.71, P < 0.001, n = 28) [8] Th is relationship diff ers from that previously proposed by Bélanger and Richards (Eq. [3] ; 1999). Luxury P consumption in the study of Bélanger and Richards (1999) may explain why their relationship predicts higher critical P concentrations. Luxury consumption was evident in our present study. Increasing P applications resulted in higher P concentrations even though there was no signifi cant yield response (Tables 2 and 3) .
In our study, we also observed that the relationship between P and N concentrations was aff ected by N fertilization (Fig. 4) . Th e linear parallel curve analysis indicated that the relationship between P and N concentrations diff ers signifi cantly over the range of N applications (N application signifi cant at P < 0.001; Table 4 ). For a given N concentration, P concentration generally decreased with increasing N fertilization. Th is result confi rms a previous study on timothy (Bélanger and Richards, 1999) , studies on corn (Ziadi et al., 2007) , and spring wheat (Ziadi et al., 2008) . Th e relationship between P and N concentrations does not account for all the eff ects of N defi ciency. Th us, separate relationships should be used for nonlimiting and limiting N conditions. Under nonlimiting N conditions (120 kg N ha -1 ), the critical P concentration is defi ned by Eq. [8] . When N is limiting shoot growth (0 and 60 kg N ha -1 ), the slope of the relationship between P and N concentrations does not change but the intercept is greater (1.31 and 1.41) than under nonlimiting N conditions (1.07; Fig. 4) . Th e degree of N defi ciency should therefore be considered when establishing the critical P concentration. Th e linear intercepts may be related to the index of N nutrition; this conjecture needs to be established by further research.
Agronomic Implications
Our results confi rm that the critical N concentration can be predicted as a function of shoot biomass but that the age of the sward should be taken into account. Critical P concentration of timothy can also be predicted as a function of shoot biomass but both sward age and N fertilization must be considered. Alternatively, critical P concentration can be defi ned as a function of N concentration rather than shoot biomass. Th is approach, although still aff ected by N fertilization and the degree of N defi ciency, is more advantageous because it applies to swards of diff erent ages and it eliminates the need to measure shoot biomass.
Th ese relationships provide essential tools for assessing the P status of timothy during the growing season. An index of P nutrition can be calculated as the ratio of P concentration to the critical P concentration for a given situation. Together the indices of N and P nutrition can be used to determine N and P defi ciencies in timothy, and imbalances between them. While P defi ciency early in the growing season cannot be easily alleviated with later P applications, producers can use the P defi ciency index to adjust P fertilization for the following growing season.
